Two topics are briefly reviewed in this talk: the decay of flavored hadrons or quarkonium states involving a baryon-antibaryon pair, and the spectroscopy of heavy baryons containing one, two or three heavy quarks. Some prospects for exotic heavy baryons are also discussed.
Introduction
Heavy quarks and baryons have a long and rich joint history. Even before the discovery of charm (but published shortly after), a comprehensive article by Gaillard et al. [1] anticipated the rich baryon spectroscopy when the charmed quark is used as a new constituent. The experimental knowledge of baryons with a single heavy quark started rather early, with the discovery of the Λ c in 1976, and has made much progress in recent years. Unfortunately, there are uncertainties about double-charm baryons, and there is not much emulation to look at this sector, though it should be accessible with existing beams and detectors.
The decay of heavy quarkonia and heavy flavored mesons involving a baryon and an antibaryon gives useful information on the strong and weak annihilation mechanisms, and on the spectroscopy of light baryons in a limited mass range. This will be discussed first.
Light baryons from heavy quark decays
In 1980, Pham proposed the reaction D s → p +n as a probe of the annihilation mechanism in weak decays [2] This rare mode has been discovered recently. [3] 2 Jean-Marc Richard
The J/ψ decay into a proton and an antiproton has been identified and measured shortly after the discovery of charmonium. See, e.g.,Ref. 4 for references. The proton-antiproton coupling has been used to refine charmonium spectroscopy at CERN, in the last experiment hosted by the ISR, and at Fermilab. It will be used in the planed PANDA experiment. [5] Meanwhile, the charmonium decay measurements have been extended as to include other baryon-antibaryon pairs, and ψ(2S) decay. Once phase-space factors are removed, the branching ratios for pp, nn, . . . , ΞΞ, and even ∆∆ are nearly identical, and demonstrate an almost perfect SU(3) symmetry, and even a kind of SU (6) symmetry. This should be kept in mind when discussing the so-called "strangeness suppression" effects in low-energy hadronic processes.
Weak decay of heavy baryons
This was a shock in our community when the ratio R of D + to D 0 lifetime was announced to be R ≃ 4! Even the revised and stabilized value R ≃ 2.5 [4] clearly contradicts the current wisdom of the 70s that the charmed quark, while decaying, ignores its environment. It is now understood that, besides the spectator diagrams, there are W -exchange diagrams for (cd) and (cs), and interference effects between thed (s) antiquark produced in c → s + W + and W + → u +d (s) in (cd) decay, to a lesser extent, for the Cabibbo-suppressed decay of (cs). As already mentioned, there is an annihilation diagram for (cs).
The same mechanisms have been applied to the decay of baryons. See, e.g., Ref. 6 for one of the latest contributions and references there to earlier works. The annihilation diagram is of course suppressed. There is another type of interference, between the s quark originating from c decay (or d for Cabibbo-suppressed transitions) and a constituent s (or d) quark from the decaying baryon. See Figs. 1.
A hierarchy of lifetimes has been predicted for the various single-charm baryons and also a hierarchy of hadronic-to-leptonic branching ratios. The measurements are in good agreement with the predictions, except that the observed differences are even more pronunced. Altogether there is more than one order of magnitude between the shortest (Ω c ) and longest (D ± ) lifetime of single charm! For double charm, there is now some consensus [6] that
where, as for (ccc) and for (bc) in the meson sector, binding effects cannot be neglected. The precise ordering of τ (ccs) vs. τ (ccd) is more sensitive to the details. As for the semi-leptonic branching ratios, the expectation is [6, 7] R(ccd) < R(ccs) < R(ccu) . Fig. 1 . Some contributions to the weak decay of singly and doubly-charmed baryons: spectator, spectator with interference, W -exchange in the main or in the Cabibbo-suppressed sector, and W -exchange .
Spectroscopy of heavy baryons
Single heavy flavor Several new results came in recent years from e + e − colliders and from Fermilab. With the flavor-independent confinement, one expects a strict similarity between the (cqq) and (bqq) spectra. In the potential models, this comes from the masses being dominated by the light quarks. This is the same mechanism that makes 3 He and 4 He electronic spectra nearly identical in atomic physics. In more elaborate frameworks, this property is one of the aspects of the heavy quark symmetry, and the systematics of 1/M Q correction can be written down. [8] Somme differences between (cqq) and (bqq) were anticipated in constituent models, and recovered, e.g., by QCD sum rules. [9] In particular, while the Σ Q − Λ Q mass difference does not change much as M Q increases, due to the chromomagnetic interaction among light quarks, the Σ ⋆ Q − Σ Q is expected to decrease. If a comparison is made of the lowest flavor and spin excitation of single-charm and single-beauty baryons, the splittings are found in good agreement. However, the Ω b candidate by DØ is substantially higher than anticipated from the mass difference Ω c − Λ c , while the CDF candidate mass looks more plausible. See, e.g., Refs. 9, 10 and references there.
There are many interesting features in the excitation spectrum. For instance, while the lowest excited Ξ c (csq) states are seen to decay to a lower Ξ c and a pion, the higher states use the modes with Λ c and kaon, [11] to be tentatively interpreted in terms of the chromo-electric field and probability ofpair-creation in the c − s vs. (cs) − q strings. [12] Double heavy flavor The experimental situation is rather embarrassing. Selex has published evidence for the Ξ + cc , from its weak decay, either with the remaining charm in a baryon, [13] or in a meson, [14] but this has not been confirmed elsewhere. In particular, Babar [15] and Belle [16] searched unsuccessfully for doublecharm baryons. The situation is not a priori favorable in e + e − , but since the doublecharm production has been observed under the form of (cc)+(cc), it could be naively expected that the same mechanism sometimes leads to cc + cc, and eventually to double-charm baryons after hadronization. As for hadron beams, an experiment was proposed fourteen years ago, and approved with "charmed hadrons" and in particular, "double charm baryons" among the top priorities, but has not yet touched this field. Meanwhile, many discoveries have been made elsewhere in heavy-quark spectroscopy, and many others are awaiting for a serious investigation with hadron beams.
The double-charm baryons are probably the most interesting of ordinary hadrons, as they combine two extreme regimes of QCD: the adiabatic motion of two heavy quarks, and the relativistic motion of a light quark around a colored source. There is now an abundant literature on (QQq) baryons, including QCD sum rules [17, 18] and lattice QCD. [19] For the constituent-model approach, see, e.g., Ref. 20 . Note that a quark-diquark approximation is tempting, as the two heavy quarks tend to cluster in (QQq). However, as the lowest excitations lie mainly within QQ, a new diquark is required for each level. In contrast, the Born-Oppenheimer approximation is more efficient, as for H + 2 in atomic physics. This was shown within a simple potential model, [21] but one can estimate the effective QQ potential from the lattice.
Triple heavy flavor This is a challenging goal for experimentalists, as the final multiplicity is rather large, to fully reconstruct (ccc), (ccb) or (bbb). These configurations have been estimated first with potential models, and now on lattice. [22] One expects that the first excitation should be of negative parity, unlike the case of light baryons, for which the Roper resonance, with positive parity, occurs first. The (QQQ) potential should be the analog of the famous V = −a/r + b r quarkonium potential. A part of the Coulomb term presumably comes from one-gluon exchange, and should be extended as 1/r ij for the baryon case, with a color factor 1/2 in front of its strength. There is now some agreement that this "1/2" rule does not hold for the linear part, though it might be a reasonable approximation, the proper generalization of linear confinement being a three-body interaction with Y shape, a string linking the three quarks with minimal cumulated length, as sketched in Fig. 2 . As stressed in other contributions to this Workshop, the generalization of the Y shape to multiquark configurations leads to dramatic predictions of stable exotics. Exotic heavy baryons There has been several proposals to build exotic baryons. Hybrid baryons, for instance, are on the same footing as hybrid mesons, but they do not bear exotic quantum numbers.
The possibility of baryons with strangeness S = +1 was suggested in the 60s, and more recently, for the light pentaquark.
